  Parabens, alkylesters of *p*-hydroxybenzoic acid, mainly including methylparaben (MP), ethylparaben (EP), and propylparaben (PP), have been widely used as preservatives in foods, pharmaceuticals, cosmetics, and industrial products because of their broad antimicrobial spectra with relatively low toxicity, good stability, and nonvolatility ([@iev146-B5]). MP and EP are regarded as the most common ingredient of personal care products, and the limits of detection in creams was up to 5--2,000 mg/l ([Supp Table 1](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev146/-/DC1) \[online only\]). Parabens are present with low concentration in environmental samples such as rivers, air, dust, and so on. Human can be exposed to parabens by inhalation, oral intake, and dermal absorption. It is estimated that the average daily parabens exposure from personal care products (PCPs) is 0.833--2.4, 0.417 mg/kg bw/d for pharmaceutical products, and ∼0.77 × 10^−4 ^mg/kg bw/d for food ([@iev146-B4]). Cosmetic Ingredient Review calculated an adult human dose of 1.2 mg/kg bw/d of multiple parabens and an infant dose of 0.3 mg/kg bw/d and compare this with a no observed adverse effect level for all parabens of 1,000 mg/kg bw/d ([@iev146-B2]). In European Union countries, the allowable content of parabens in cosmetic products is 0.4 % for single ester and 0.8 % for mixtures of all parabens ([@iev146-B14]). Parabens are also detected in human breast tissue ([@iev146-B24]), human milk ([@iev146-B44]), human urine and serum ([@iev146-B6]) in recent years. Furthermore, parabens possess estrogenic activity ([@iev146-B42]; [@iev146-B11]; [@iev146-B32]) and antiandrogenic activity ([@iev146-B43]; [@iev146-B9]), which were classified as potential endocrine-disrupting chemicals (EDCs) by the Endocrine Society ([@iev146-B12]). Several studies showed that parabens can promote the proliferation of MCF-7 human breast cancer cells ([@iev146-B8]; [@iev146-B30]), affect the male reproductive system in mice ([@iev146-B57]), inhibit the mitochondrial respiratory capacities ([@iev146-B35]) and induce oxidative stress in the cell ([@iev146-B36]; [@iev146-B37]; [@iev146-B45]).

Nowadays, the 'free radical theory of ageing is one of the most major theories providing a testable biological mechanism for aging process, which states that aging is a process of irreversible injuries associated with accumulation of oxidative damages induced by the most abundant free radicals in cells ([@iev146-B23]). The free radicals are scavenged by a wide spectrum of enzymatic mechanisms such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase, to avoid oxidative damages in vivo ([@iev146-B22]). Lipid peroxidation is an autocatalytic process which may cause peroxidative tissue damage in inflammation, cancer, and aging ([@iev146-B25]). Malondialdehyde (MDA) is used as an index of lipid peroxidation ([@iev146-B13]).

*Drosophila melanogaster* as an invertebrate model organism, due to its short life span, well-defined genetics, ease rearing in the laboratory, has been used to test the effects of potential chemical pollutants on reproduction, endocrinology, and longevity ([@iev146-B41]). Our laboratory has studied the endocrine-disrupting effect of individual paraben in *D. melanogaster* for many years. We found that individual MP had toxic effects on the fecundity and development of fruit flies, and lower concentration of MP had potential estrogenic activities ([@iev146-B21]). Individual EP not only affected longevity, fecundity, and the expression of apoptosis-related gene (reaper) ([@iev146-B56]), but also influenced the expression of estrogen-related receptor, ecdysone receptor (EcR), and yolk protein receptor ([@iev146-B34]). Similarly individual PP also influenced the lifespan and induced the significant increase in MDA levels and a decrease of activities of SOD and CAT ([@iev146-B33]).

Recently, with the increasing probability of exposure, humans are likely exposed to mixtures of parabens and the most widely used preservative system consists of a combination of parabens ([@iev146-B47]). So more research needs to be carried out to examine the potential additive toxicity of parabens mixtures. The tests for mixture toxicity of EDCs and/or parabens have been performed on aquatic organisms ([@iev146-B53]), rats ([@iev146-B26]), and human cell ([@iev146-B15]), but rarely on fruit flies ([@iev146-B3]). This study investigated the effect of the MP and EP mixture (MP + EP) on the lifespan and preadult development period in *D. melanogaster* with the attempt to elucidate the potential additive toxicity.

Materials and Methods
=====================

### Strains Stocks and Culture

The wild Canton S (CS) strain was used in this study. The wild CS type flies were reared in the vials and maintained in an incubator. The incubator temperature and relative humidity were 25--26°C and 65--75%, respectively. The basal diet was prepared according to the standard formulation. In brief, 100 ml medium contained 30 g corn meal, 15 g glucose, 1 g yeast, 1.5 g agar, and 0.5 ml methylacetic acid. For the laying culture medium, it was prepared by adding 1 g active carbon to the basal diet per 100 ml and divided into a petri dish.

### Treatment with Parabens

For all the analysis, the mixture of parabens by equal mass combination of MP and EP or individual paraben was dissolved in anhydrous ethanol (Tianjin Tianli Chemical Reagent Co., Ltd, TianJin, China) and added to basal diet to its final concentrations (300, 700, and 1,000 mg/l *w*/*v*). The same amount of ethanol, but without parabens, was maintained in control diet. Adult *D. melanogaster* or eggs were exposed to either the parabens-treatment or control diet ([Fig. 1](#iev146-F1){ref-type="fig"}). Fig. 1.Summary of experimental procedure. For all the analysis, parabens were dissolved in ethanol and added to basal diet to its final concentrations (300, 700, and 1,000 mg/l). The same amount of ethanol was maintained in control. (a) Lifespan and antioxidation assay of flies. (b) Test of preadult development period

### Lifespan Assay

Virgin male and female flies emerging from standard culture food were separated and divided into 4 groups (*n* = 200 each), and housed in 10 vials (20 flies per vial). The first group was maintained on the control diet, while the other groups were fed with the MP + EP diets (300, 700, and 1,000 mg/l) ([Fig. 1a](#iev146-F1){ref-type="fig"}). Dead flies were counted every day and the remaining alive flies were transferred to a new vial containing the same diet every 2 d. The mean lifespan, maximum lifespan, and 50% survival time of flies were calculated as previous method ([@iev146-B34]). The experiments were repeated three times.

### Antioxidation Assay

The fruit flies were cultured and treated as above mentioned approach and sacrificed at selected time points (days 10, 20, 30, 40, and 50) ([Fig. 1a](#iev146-F1){ref-type="fig"}). The fruit flies (40 flies per sample) were homogenized in 0.40 ml of cold saline followed by centrifugation at a speed of 6,000 g for 10 min at 4°C. Then the supernatant transferred to new centrifugal tubes and was used for each test. SOD activity was quantified using a spectrophotometer (UNICAM, UV-300) according to a SOD assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). This assay is based on the inhibition of nitrite formation from hydroxyl ammonium in the presence of O~2~^−^ generators mediated by SOD. The spectrophotometric absorbance was set at 550 nm and the results were expressed as units of SOD activity per mg protein. The protein contents were measured using commercial kit (Nanjing Jiancheng Bioengineering Company) by the coomassie brilliant blue method according to the manufacturer's directions. Lipid peroxidation products were measured by commercial MDA kit (Nanjing Jiancheng Bioengineering Institute) using a spectrophotometer at 532 nm according to the manufacturer's directions. The level of lipid peroxidation was calculated and expressed as mmol MDA per mg protein. Every experiment repeated three times.

### Assay of Preadult Development Period

Within 24 hr newly ecloded flies were fed basal diet for 5 d, transferred to petri dish to lay eggs. One-hour egg collections were transferred to basal diet and parabens-treatment diets by inoculating needle in super-clean worktable (Suzhou Antai, Suzhou, China). Twenty eggs were reared in a vial ([Fig. 1b](#iev146-F1){ref-type="fig"}). Eggs were allowed to hatch until eclosion. The number of pupation and eclosion was counted every day. In each replication 100 eggs were examined, with three replications.

### Statistical Analysis

Statistical analyses were performed using SPSS package version 19.0 (IBM, Armonk, NY). Lifespan analyses were performed separately by sex and the significance of differences among samples was assessed using one-way ANOVA by least significant difference (LSD). Survival analysis was assessed by the Kaplan-Meier methods, and the differences between survival curves were analyzed using the log-rank test. The percentage of pupation (the ratio between number of pupation and number of egg examined), the percentage of adult eclosion (the ratio between number of eclosion and number of egg examined), larval period (time from egg to pupa), and pupal period (time from pupa to adult) were analyzed by LSD. Two-way ANOVA was performed to compare biochemical parameters and development period data for the *Drosophila* studies, and the association effects of each factor with the ANOVA model were analyzed by calculating their partial eta-squared (η^2^) values. Data were expressed as mean ± SD. Differences were considered significant when *P* \< 0.05 or \<0.01.

Results
=======

### Effect of MP + EP on Longevity of Flies

The results revealed that MP + EP groups had a lower mean and maximum lifespan than the control group not only for female \[mean lifespan (*F* = 80.07; df = 3; *P* \< 0.01), maximum lifespan (*F* = 8.07; = 3; *P* \< 0.01)\], but for male \[mean lifespan (*F* = 128.51; df = 3; *P* \< 0.01), maximum lifespan (*F* = 11.01; df = 3; *P* \< 0.01)\] ([Table 1](#iev146-T1){ref-type="table"}). Especially the flies in 1,000 mg/l MP + EP group decreased mean lifespan by 54.80% for female and 49.90% for male, and maximum lifespan by 35.00% for female and 31.10% for male (*P* \< 0.01). Furthermore, 1,000 mg/l individual EP also significantly decreased mean lifespan by 24.62% for female and 27.29 % for male, and maximum lifespan by 16.04% for female and 12.61% for male ([Table 2](#iev146-T2){ref-type="table"}). For the 50% survival time, nearly no difference was observed between 300 mg/l MP + EP and control groups, but a significant decrease was obtained in the 700 and 1,000 mg/l MP + EP groups (*P* \< 0.01). Additionally, MP + EP significantly reduced the flies survival rates for both female (χ^2 ^= 200.59; df = 3; *P* \< 0.01) and male (χ^2 ^= 197.28; df = 3; *P* \< 0.01) ([Fig. 2](#iev146-F2){ref-type="fig"}), especially in the 700 mg/l female (χ^2 ^= 87.61; df = 1; *P* \< 0.01), male (χ^2 ^= 77.68; df = 1; *P* \< 0.01) and 1,000 mg/l female (χ^2 ^= 95.71; df = 1; *P* \< 0.01), male (χ^2 ^= 138.94; df = 1; *P* \< 0.01). The cumulative survival also significantly decreased in MP + EP groups compared with control group. For female, the survival function slowly declined before 45 d and then fell rapidly from 46 to 70 d in the control, but the survival function of 1,000 mg/l MP + EP group was slowly declined before 15 d, and dropped quickly from 15 to 25 d ([Fig. 2a](#iev146-F2){ref-type="fig"}). For male, the survival curve slowly declined before 45 d, and then decreased more rapidly from 46 to 60 d in the control, but the survival curve of 700 and 1,000 mg/l MP + EP groups was reduced gently before 15 d, and fell quickly at 15--45 d ([Fig. 2b](#iev146-F2){ref-type="fig"}). Furthermore, the turning drop point of 700 and 1,000 mg/l MP + EP groups was earlier than control group in all sexes. So MP + EP can reduce lifespan and survival rate of flies in both sexes. Fig. 2.Kaplan-Meier cumulative survival function for different concentrations MP + EP (0, 300, 700, and 1,000 mg/l). Comparison of age-dependent survival curves of female (a) and male (b) flies indicated highly significant differences Table 1.Lifespan of flies fed with different concentrations of MP + EP and the control dietsGenderMP + EP (mg/l)Mean lifespan (day)[*^a^*](#iev146-TF1){ref-type="table-fn"}Change of mean lifespan (%)[*^b^*](#iev146-TF2){ref-type="table-fn"}50% survival (day)[*^a^*](#iev146-TF1){ref-type="table-fn"}Maximum lifespan (day)[*^a^*](#iev146-TF1){ref-type="table-fn"}Change of maximum lifespan (%)[*^b^*](#iev146-TF2){ref-type="table-fn"}Female046.00 ± 2.95A---49.00 ± 1.00A74.93 ± 1.62A---30043.56 ± 3.00A−5.3050.77 ± 1.55A73.45 ± 2.95A−2.0070037.31 ± 1.01B−18.9044.73 ± 0.40B69.00 ± 1.81A−7.901,00020.81 ± 0.76C−54.8016.90 ± 0.53C48.70 ± 9.04B−35.00Male045.60 ± 2.68A---47.33 ± 2.75A71.47 ± 0.75A---30043.46 ± 1.40A−4.7046.12 ± 0.70A62.70 ± 0.90B−12.3070029.94 ± 0.40B−34.3031.17 ± 1.04B56.40 ± 1.00C−21.101,00022.86 ± 1.33C−49.9018.00 ± 1.45C49.23 ± 1.86D−31.10[^2][^3] Table 2.Change of lifespan of flies fed with MP + EP and the individual EPChange of lifespanGender1,000 mg l^−1^ EP[*^a^*](#iev146-TF3){ref-type="table-fn"}2,000 mg l^−1^ EP [*^a^*](#iev146-TF3){ref-type="table-fn"}1,000 mg l^−1^ (MP + EP)[*^b^*](#iev146-TF4){ref-type="table-fn"}Change of mean lifespan (%)♀−24.62−43.95−54.80♂−27.29−47.30−49.90Change of maximum lifespan (%)♀−16.040.33−35.00♂−12.61−0.32−31.10[^4][^5]

### SOD Activity

The research was designed to assess antioxidation of flies exposed to MP + EP diets. For female, the SOD activity in the control group gradually increased before 40 d and then decreased with aging, but the value of SOD activity in MP + EP groups was in a lower range (3.02 ± 1.68 to 10.80 ± 0.61 U/mg protein) ([Fig. 3a](#iev146-F3){ref-type="fig"}). The activity of SOD in MP + EP groups was significantly decreased relative to those of the control group at day 20, 30, and 40 (*P* \< 0.01 or \< 0.05), only 1,000 mg/l MP + EP group was significantly decreased the activity of SOD at 50 d (*P* \< 0.05). For male, the SOD activity in control and 300 mg/l MP + EP groups gradually increased from 10 to 50 d, while that of 700 and 1,000 mg/l MP + EP groups decreased at 20 d, and then increased ([Fig. 3b](#iev146-F3){ref-type="fig"}). Moreover, MP + EP groups exhibited a decrease in SOD activity at 20--50 d, especially, in 1,000 mg/l group (*P* \< 0.01 or \< 0.05). Additionally, two-way ANOVA was performed to analyzed the interaction effects of age and concentration. The results showed that both age and concentration significantly affected SOD activity (*P* \< 0.01). The age affected 81.30% for female and 89.60% for male of the total variance, concentration affected 86.10% for female and 70.00% for male, and the combined effect of the concentration and age was 73.30% for female and 72.10% for male ([Table 3](#iev146-T3){ref-type="table"}). In conclusion, MP + EP groups decreased the SOD activity of flies compared with control group at the same age. Fig. 3.The activity of antioxidant enzyme SOD and the MDA level in flies when fed with the diets containing 0 mg/l (control), 300, 700, and 1,000 mg/l MP + EP for 10, 20, 30, 40 and 50 d. (a) Activity of SOD for female. (b) Activity of SOD for male. (c) The MDA level in female. (d) The MDA level in male. Data are expressed as mean ± SD. \* *P* \< 0.05 and \*\* *P* \< 0.01 compared with the value of control group at the same age Table 3.The result of two-way ANOVAfor the biochemical indexes parameters.Biochemical indexesParametersdf [*^a^*](#iev146-TF5){ref-type="table-fn"}*FP*Effects size[*^b^*](#iev146-TF6){ref-type="table-fn"} (%)♀♂♀♂♀♂♀♂SODAge4421.7642.880.0000.00081.3089.60Concentration3341.2715.550.0000.00086.1070.00Age × Concentration12124.574.320.0010.00273.3072.10MDAAge44319.73216.700.0000.00098.5097.70Concentration3370.8833.110.0000.00091.4083.20Age × Concentration121215.273.830.0000.00490.2069.70[^6][^7]

### The Content of MDA

The MDA contents presented an increasing trend with age in all groups ([Fig. 3c and d](#iev146-F3){ref-type="fig"}). For female, the MDA contents of each group were rather close among each group at day 10 and 20. However, MDA levels were significantly increased in MP + EP groups at day 30, 40, and 50 compared with control group (*P* \< 0.01 or \< 0.05) except for increasing of 300 mg/l group at day 30 and 700 mg/l group at day 50 ([Fig. 3c](#iev146-F3){ref-type="fig"}). Similarly, MP + EP groups showed an increase in MDA levels compared with control group for male, especially 1,000 mg/l group at day 20, 30, 40 (*P* \< 0.01) and 50 (*P* \< 0.05) ([Fig. 3d](#iev146-F3){ref-type="fig"}). According to the two-way ANOVA analysis, both exposure age and concentration significantly affected MDA contents (*P* \< 0.01) and the combined effect of age and concentration was also significant (*P* \< 0.01). The contribution of exposure age to the variance was 98.50% for female and 97.70% for male of the total variance, and that of exposure concentration was 91.40% for female and 83.20% for male. Their combined effect contributed 90.20% for female and 69.70% for male ([Table 3](#iev146-T3){ref-type="table"}). In summary, MP + EP can increase MDA contents compared with control group at the same age, especially in 1,000 mg/l group for all sexes.

### Effect of Parabens on the Preadult Development Period

One-way ANOVA analysis showed MP + EP delayed larval period, especially in 700 mg/l (*P* \< 0.05) and 1,000 mg/l groups (*P* \< 0.01). Furthermore, 1,000 mg/l individual MP or EP groups also delayed larval period (*P* \< 0.01), but 300 and 700 mg/l individual MP (*P* \< 0.01) as well as 300 mg/l individual EP accelerated larval period (*P* \< 0.01) ([Table 4](#iev146-T4){ref-type="table"}). More importantly, comparing with different experimental groups at same concentration, the larval period in 300 mg/l individual MP or EP groups was significantly shorter (*P* \< 0.01) than control, but the larval period in same concentration MP + EP groups was longer ([Table 4](#iev146-T4){ref-type="table"}). In other words, MP + EP had a more severe effect on pre-adult development period compared with individual MP or EP at the same concentration. In addition, there was no impact on the pupal period, and percentage of pupa and eclosion for parabens. According to two-way ANOVA analysis, the exposure type of parabens, concentration, and their combined effects all significantly altered growth rate in fly (*P* \< 0.01). The contribution of the exposure type of parabens to the variance of growth rate was 86.10%, and that of exposure concentration was 96.80%. Their combined effect contributed 76.90% ([Table 5](#iev146-T5){ref-type="table"}). Hence, parabens had a nonmonotonic dose--response effect on preadult development period for *D. melanogaster* and the larval period was more sensitive. Table 4.Effect of different concentrations of parabens on *Drosophila* pre-adult development periodTreatmentConcentration (mg/l)Larval period (day)Pupal period (day)Percentage of pupa (%)Percentage of eclosion (%)Control05.78 ± 0.153.93 ± 0.2475.3797.43MP + EP3006.94 ± 0.123.69 ± 0.2780.0096.957007.90 ± 0.27[\*](#iev146-TF7){ref-type="table-fn"}4.20 ± 0.1765.0096.201,00010.06 ± 1.16\*\*3.59 ± 0.2173.0085.40MP3005.18 ± 0.04\*\*3.72 ± 0.2074.5099.507005.09 ± 0.15\*\*3.68 ± 0.1266.5099.501,0008.61 ± 0.06\*\*3.66 ± 0.1271.0097.50EP3004.88 ± 0.06\*\*3.72 ± 0.0675.0095.207006.54 ± 0.02\*\*4.03 ± 0.0370.0098.851,0008.90 ± 0.25\*\*3.54 ± 0.4775.5094.95[^8] Table 5.The result of two-way analyses of variance for the larval period parametersParametersdf [*^a^*](#iev146-TF8){ref-type="table-fn"}*FP*Effects size[*^b^*](#iev146-TF9){ref-type="table-fn"} (%)Parabens237.040.00086.10Concentrations3121.450.00096.80Parabens × Concentrations66.650.00376.90[^9][^10]

Discussion
==========

In this study, we found that MP + EP could reduce the mean lifespan, maximum lifespan and 50% survival time of flies when compared with that of the control group ([Table 1](#iev146-T1){ref-type="table"}). More importantly, the mean lifespan in 1,000 mg/l MP + EP group was about a half of that in control group, while the mean lifespan in 1,000 mg/l individual EP was nearly three quarters of that in control group ([Table 2](#iev146-T2){ref-type="table"}). It indicated that MP + EP may present greater toxic effect on longevity of flies than individual paraben at the same concentration. Furthermore, our results suggested that parabens could impair antioxidant capacity ([Fig. 3](#iev146-F3){ref-type="fig"}). Parabens may increase levels of oxidative damages on macromolecules and gradual disruption of organelle function to promote senescence. The same conclusions about the relationship between parabens exposure and oxidative stress biomarkers have been made in rodents ([@iev146-B37]; [@iev146-B45]), pregnant women and infant ([@iev146-B29]). In addition, the shortening lifespan in parabens-treatment groups may be associated with endocrinic disruption. Flies that are heterozygous for mutations in the EcR presented an increase in lifespan and the ability to avoid various stresses ([@iev146-B46]; [@iev146-B49]). Juvenile hormone (JH) can regulate the lifespan of flies by mechanisms independent of direct physiological trade-offs with egg production ([@iev146-B54]). It was also proven that hormones and mutations in genes involved in endocrine signaling, in particular, the insulin/insulin-like growth factor-1 (IGF-1) signaling (IIS) pathway, can affect *D. melanogaster* longevity ([@iev146-B19]). Parabens may disrupt endocrine signaling pathways and abnormal hormone production, and further affect the lifespan.

*Drosophila* belongs to holometabolous insects which includes a transition from an immature juvenile to a sexually mature adult coordinated by two hormones, 20-hydroxyecdysone and JH ([@iev146-B28]; [@iev146-B20]). In *Drosophila*, a high titer of ecdysone, relative to the titers produced during the instar transformations, at the end of the third-instar larval stage initiates the onset of pupariation/metamorphosis ([@iev146-B48]). Our results revealed that parabens had a negative impact on preadult development period of flies and showed a nonmonotonic dose--response. Parabens, as the potential EDCs, can interfere with hormone synthesis. Moreover, we found EP can cause the disordered expression of *EcR* in *D. melanogaster* ([@iev146-B34]). In addition, IIS can regulate ecdysone biosynthesis in the prothoracic glands ([@iev146-B50]; [@iev146-B31]). Parabens may disturb the modification of the hormone synthesis metabolism and hormone action to alter metamorphosis of fruit flies. When compared with the control group, 300 and 700 mg/l individual MP and 300 mg/l individual EP could accelerate development rate (*P* \< 0.01) ([Table 4](#iev146-T4){ref-type="table"}). The reason might be that individual MP or EP at low concentration display 'hormesis' effects by controlling the hormone synthesis and producing biological benefits in organisms ([@iev146-B38]). Similarly, bisphenol A, one of EDCs, can also accelerate larval growth in the low dose group ([@iev146-B52]). Additionally, the larval period was delayed in 300 mg/l MP + EP group, and shortened in the same concentration of individual MP or EP groups (P \< 0.01). 700 mg/l individual MP accelerated the development rate (*P* \< 0.01), but individual EP prolonged at the same concentration (*P* \< 0.05) ([Table 4](#iev146-T4){ref-type="table"}). Therefore, we deduced MP + EP may have a greater toxicity than individual and the order of the toxic was MP + EP \> EP \> MP on *D. melanogaster*.

In summary, *D. melanogaster* is a promising organism to study chemical pollutants toxicity on endocrinology and longevity with the accurate sensitivity and operability. The results revealed that parabens had an adverse effect on lifespan and preadult development period in *D. melanogaster*, especially in combining use. However, the study only focused on the additive toxicity of two kinds of parabens and ignored the toxicity on fertility and the mechanism of parabens-induced endocrine disruption in flies. Further studies may be necessary to investigate the molecular mechanisms of parabens toxicity on flies. In particular, we should focus on the additive effects of multiple parabens to reevaluate their safe margin.

Supplementary Data
==================

Supplementary data are available at *Journal of Insect Science* [online](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev146/-/DC1).
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